In this study, microstructure, mechanical, and conductivity characteristics of Hardox 400 steel were changed with different heat treatments and effect of such characteristics on its machinability with Wire Electrical Discharge Machining (WEDM). Optical microscope examinations were performed to determine various characteristics, and additionally microhardness and conductivity measurements were conducted hereof. L18 Taquchi test design was conducted with three levels and four different parameters to determine the effect of such alterations on its machinability with WEDM and post-processing Cutting width (kerf), Surface roughness (Ra), Material removal rate (MRR) values were determined. Micro changes were ensured successfully by using applied heat treatments. The best kerf value was obtained from sample 6 which was tempered from 350 °C. The microstructure of this sample was composed of commonly α ferrite and few pearlites. The best Ra value was obtained from sample 3 which was tempered from 200 °C. The microstructure of this sample was composed of few α ferrite and commonly pearlites. The best MRR value was obtained from sample 5 which was tempered from 300 °C. The microstructure of this sample was composed of almost equally α ferrite and pearlites. Additionally the most effective parameters on Ra were determined as hardox and current. The most effective parameters on kerf and MRR were determined as time off and hardox.
INTRODUCTION
WEDM is one of non-traditional processes which are accepted globally to machine high strength-to-weight ratio materials mainly in industries. WEDM has numerous applications in aerospace, tool, mold, automotive, and medical industries to produce complex and intricate shapes. Due to ability to make intricate shape and machining of hard material with WEDM, it was observed that it increased. WEDM has capability to machine any kind of electrically conductive work in the present day. The most important machining responses of the process are the material removal rate, the roughness of the machined surfaces, and the kerf, which is the effective width of cut [1] [2] [3] [4] . Kerf, Ra, MRR are expressed as the cutting width in the WEDM processes. Cutting mechanism in WEDM bench are shown in Fig.1 . This depends on machining parameters as current, time off, wire speed, wire tension. Some studies were conducted in order to determine important machining parameters for performance measures like MRR, surface finish and kerf in the WEDM process. Factors such as discharge current, pulse duration, and dielectric flow rate and their interactions have been found to play a significant role in rough cutting operations for maximization of MRR, minimization of surface roughness and minimization of cutting width by using Taguchi's experimental design method [5] [6] [7] [8] . Some important studies has also been done on the machinability of steels in WEDM (9) (10) (11) . In addition, important study has been done to optimize the WEDM parameters (12) (13) (14) (15) (16) (17) (18) (19) . While there is much studies with the weldability of hardox steels (20) (21) , there are very few studies on machinability. Some of these studies are related to waterjet (22, 23) and laser plasma and plasma cutting (24) (25) (26) (27) (28) . Considering the studies published on WEDM; processing parameters and designated change of processing performance outputs such as kerf, Ra, MRR, and metallurgical structure change were analyzed by several studies. Detailed literature review conducted has showed that number of studies examining kerf characteristics of work piece based on metallurgical structure and microhardness change by using Hardox steel is limited and studies published in a limited number have not been comprehensive. In this regard, experimental and theoretical studies would a great contribution to this field. For this reason, this study investigated effects of microhardness, microstructure and conductivity of the sample with WEDM parameters-current, time off, wire speed and wire tension-and revealed effect of interaction of feature-parameter with kerf, Ra and MRR.
MATERIAL and METHOD
Microstructures, microhardness, and electric conductivity of samples of Hardox Steel exposed to heat treatments under different conditions were examined in this study. The purpose of this study is to obtain a distinct change on the sample micro structures by applying heat treatment and to determine the effect of these changed microstructures on machinibility with WEDM. The sizes of kerf, Ra and MRR were measured with Taguchi experimental design by cutting them in the wire bench as specified by the experimental study. The S/N ratio, one-way analysis of variance, and 3D graphics were examined by using Minitab 14 program. Heat treatments specified in Table 1 were applied to Hardox Steel,  chemical compound of which is present in Table 2 , mechanical properties of which is present in Table 3 under normal atmosphere conditions. These samples exposed to heat treatment were processed with WEDM by using the parameters in Table 4 . In order to determine the sample features, which were changing as a result of heat treatment; microhardness, optical microscope in Nikon device, microstructure, mechanical features and conductivity to machinability with WEDM were investigated.
Experimental trials were carried out in a AF 250 high precision CNC WEDM. The experimental setup was as follows: Zinc coated brass wire with 0.25 mm diameter was employed as an electrode, and dimensions of Hardox steel samples were 5 mm x 50 mm x 100 mm in all the experiments. The behavior of six control factors as heat treated samples, current, time off, wire speed and wire tension was examined in this study. Table 4 illustrates control factors and their levels with symbols. The kerf value was measured by using LEICA DM4000M optical microscope device. While the control factors were used to select the best conditions for stability in the design of manufacturing process, the noise factors referred to all factors that cause variation. The experimental observations were further converted into a signal-tonoise (S/N) ratio by using Eq. (1) and Eq. (2). The signalto-noise (S/N) ratio for "Larger is better" and "Smaller is better" were calculated as follows [29] ;
Larger is better;
Smaller is better; 
RESULTS AND DISCUSSION

Optical microscope
In this study, commercial item microstructure having no heat treatment has tempered martensite phase structure (Fig.2 ). These steels are produced fully hardened and supplied to the market [20, 30] . In Fig. 3 (a), microstructure quenched at 940 o C is shown (Sample 1). This microstructure was seen to have martensite phase structure. In Fig. 3 (b) material microstructure tempered at 150 o C is seen (Sample 2). This microstructure consists of tempered martensite and fine α-ferrit phases and was formed at the α-ferrite phase boundaries. After quenching it was observed that the amount of α-ferrite increased in the tempered material microstructure at 200 o C (Sample 3) and the martensite phase structure was converted to pearlite (Fig 3(c) ). It was also seen that the pearlite lamellas were surrounded by α-ferrite phase. In Figures  3(d) and (e) microstructures of tempered samples at 250 o C (Sample 4) and 300 o C (Sample 5) are given respectively. In these microstructures as the tempering temperature increased α-ferrite phase volume also increased whereas pearlite phase volume decreased. In Fig. 3 (f) , in the sample microstructure tempered at 350 o C (Sample 6), pearlite phase was observed at the α-ferrite grain boundaries. It was determined that α-ferrite phase was more dominant in this microstructure. Heating to 940 °C (20 minute) holding and quenching + Heating to 250°C and holding 2 h after air cooling 5
Heating to 940 °C (20 minute) holding and quenching + Heating to 300°C and holding 2 h after air cooling 6
Heating to 940 °C (20 minute) holding and quenching + Heating to 350°C and holding 2 h after air cooling 
Micro Hardness
In Fig. 4 , hardness results were given with a graph.
Hardness value was 386 HV after quenching at 950 o C. After tempering heat treatment hardness decreased. Hardness values of the samples tempered at 200 C and 250 C increased (even if in small amount) compared to hardness of samples tempered at 150 o C. This increase is attributed to carbides formed during tempering. It was specified that hardness of samples tempered at 300 and 350 o C decreased inversely proportional with the increasing tempering temperature . As the tempering temperature increased, decrease in the hardness values of the samples increased too. 
Resistivity And Conductivity
Electrical conductivities of the heat treated samples are given in Fig. 5 . As it is seen from the graph, electrical conductivity of the quenched sample came out to be lower than that of tempered samples (except the sample tempered at 200 o C). Electrical resistance of the stressed structure created as the result of quenching was high. Conductivity of the sample tempered at 150 o C increased. It is thought that this conductivity increase is because of settling of Carbon atoms to unstable position after quenching and then to more stable positions during tempering with decreasing stressed structure. Conductivity of the sample tempered at 200 o C Table 5 . Taguchi L18 orthogonal array, experimental results decreased. A partial increase was determined in the hardness of this sample. The increase in hardness was thought to be because of carbide formation, similarly the decrease of conductivity in the same sample can be attributed to the formation of these carbides. On the other hand an increase was found in the sample conductivity tempered at 250 o C. It is thought that this increase is due to diffusion of the carbides to low strained areas. Conductivity increased as the tempering temperature (300 o C and 350 o C) increased. This increase can be attributed to increasing α-ferrite phase volume and decreasing pearlite phase volume. Table 5 . According to Fig.6 , the lowest kerf values were obtained with the 6, 2 and 4 numbered samples respectively. The sample 6 was tempered at high temperature and therefore had the lowest hardness value. For this reason the best kerf result can be attributed to the decrease in hardness. The second best kerf value was obtained on the number 2 sample. Conductivity of sample 2 was higher with respect to other samples. The increase in sample conductivity decreased the kerf value. The third best kerf value was obtained with the sample 4. The conductivity of this sample had the second best conductivity value. The positive effect of higher conductivity to kerf values was also determined on this sample. It was already stated that the change in hardness and conductivity values was due to the microstructural variation. An increase was observed in the kerf values with the increasing time off values. Similar results were also observed in some studies in literature [1, 10, 15] .
Fig. 6. Effect of the Heat treated Hardox and Time off on kerf
When the Fig. 7 was examined a general increase was observed in the kerf values depending on the increasing wire feed and wire tension values. There are similar results in some studies in literature [12] . 
Fig. 8. Effect of the Heat treated Hardox and Current on kerf
ANOVA analysis with which the effects of parameters on kerf were examined is given in Table 6 . According to the table all of the parameters are significantly effective on kerf. Difference in the kerf values of hardox samples after heat treatment shows the accuracy and the contributions of the applied heat treatment. 
Surface Roughness (Ra)
According to Fig. 9 lower Ra values were obtained with 3, 6 and 2 numbered samples. The main reason of this difference is thought to be the variations in the hardness and conductivity values after heat treatment. In this regard, since the highest resistance was with the number 3 sample ,the surface roughness value came out to be the lowest. A decrease (even if a small amount) was observed in Ra values with the increasing time off values. However, in some studies in literature, Ra values increased depending on the increase of gap period between two pulses [12, 13] . Effects of current on the Ra values in the samples are given in Fig.11 . Increase in the current values caused a significant decrease in the Ra values as also seen in literature . [12, 13, 14] .
Fig. 11. Effect of the Heat treated Hardox and Current on Ra
ANOVA analysis where the effects of parameters were examined on Ra is given in Table 7 . According to the Table , wire feed values had no significant effects on Ra but all the other parameters were effective on Ra. [17, 18, 19] . In literature some studies consist similar results [6, 16] . ANOVA analysis where the effects of parameters on MRR were examined is given in Table 8 . According to the Table, all of the parameters were significantly effective on MRR. 
CONCLUSION
Different heat treatments were carried out to the samples of Hardox 400 used in the industry and their microstructure, microhardness and conductivity characteristics were changed. Effect of this characteristic change on machinability with WEDM was investigated with Taguchi method and ANOVA. S/N ratio of these results was determined.
 The lowest hardness value was obtained in the tempered sample-6 whereas the highest hardness value was obtained in the sample-1 which was water quenched from austenite. It was determined that microstructure of this sample has martensitic phase. When martensitic phase was tempered (in the sample 2), decrease was observed in hardness.
The microhardness values of sample 3 and 4 were a slightly increased due to carbides which occurred in the microstructure with tempered. When the tempering temperature increased, the microhardness values of sample 5 and 6 decreased.  The most effective parameters on Ra were determined as hardox and current. The most effective parameters on Kerf and MRR were determined as time off and hardox.  The microhardness value of sample 6 was lower than the microhardness values of other samples. Therefore the kerf value of sample 6 was the best. The lowest microhardness could attribute to this result.  In sample (2) having a tempered (150 o C) martensite structure with the best conductivity, it was seen in (3) sample of having a tempered (200 o C) in the lowest conductivity.  Kerf, Ra and MRR values, obtained according to the experimental design by using the taguchi experimental design method in the experimental studies, were converted to S/N ratios and the best parameter levels were determined. By using analysis of variance (ANOVA),  Average best surface roughness (Ra) values after processing with WEDM were obtained in the ranking of 3, 6, 2, 4, 1 and 5. According to these results, it was determined that best and worst surface roughness values were obtained from tempered martensite structures (200 o C) and tempered martensite structures (300 o C), respectively.  Average best MRR values after processing with WEDM were obtained in the ranking of 5, 3, 1, 6, 4 and 2. According to these results, it was determined that best and worst MRR values were obtained from tempered martensite structures (300 o C) and tempered martensite structures, tempered martensite structures (150 o C), respectively.  The best (lowest) kerf value was obtained from sample-6 that was tempered from 350 o C. The microstructure of this sample was composed of commonly -ferrite and few pearlites. The worst (highest) kerf value was obtained from sample-5. This sample had tempered martensite microstructure. In other words, the microstructure of this sample was composed of -ferrite and pearlite. The electricity conductivity of the sample 5 had the worst than the electricity conductivity of the sample 6. Therefore,as the conductivity capacity of sample decreased, the kerf value increased.  The best (lowest) Ra value was obtained from sample-3 that was tempered from 200 o C. The microstructure of this sample was composed of few -ferrite and commonly pearlites. This sample had the lowest electricity conductivity, therefore the best Ra value could attribute to this result.  The best MRR value was obtained from sample-5 that was water quenching from 300 o C. The microstructure of this sample was composed of almost equally α ferrite and pearlites. The worst MRR value was obtained from sample-2. The microstructure of this sample was composed of martenzite and fine -ferrite. It was observed that, MRR and kerf values of this sample comfirmed each other.
